For the evaluation of the physical properties of bones, specimens are often either deep-frozen or chemically fixed with reagents such as formaldehyde (formalin) or ethanol for antisepsis and sterilization. However, formalin contains formic acid, which dissolves bone minerals such as Ca and P. To suppress this bone mineral elution, we tested neutral buffered formalin as a fixative. In this study, we investigated the influence of formalin and the neutral buffered formalin fixation on the fracture characteristics of bovine femoral compact bones over a relatively long-term preservation period. In both the formalin and the neutral buffered formalin fixation, bone minerals migrated rapidly into the fixatives. Thus, some aqueous solutions such as a normal saline solution may also dissolve bone minerals. In the neutral buffered formalin fixation, fine calcium phosphate grains precipitated on the surface of the soft tissues of blood vessels in the Haversian canal, as observed by scanning electron microscopy. An element analysis with energy-dispersive X-ray spectroscopy also demonstrated the presence of Ca and P. Thus, the precipitated grains are assumed to be hydroxyapatite. In this study we evaluated the influence of formalin preservation, which reduces the fracture toughness of bovine femoral compact bones, and concluded that due to the formation of chemical bridges from the reaction of formaldehyde with the collagen fibers in the bones, the collagen fibers are cured and hardened, resulting in a reduction in the fracture toughness of the bovine femoral compact bones.
Introduction
Evaluations of the physical properties of bones as represented by mechanical properties have been conducted by numerous researchers with the aims of elucidating bone fracture mechanisms and designing and developing bone graft substitutes. The preservation methods frequently employed for bone specimens used for the evaluations of such properties are common deep freezing and chemical fixation with chemicals such as ethanol and formalin (aqueous formaldehyde solution) for antisepsis and sterilization. However, regarding various mechanical evaluations, there are many unidentified factors such as the influence of preservation methods on the organic and/or inorganic components constituting bones. Only a limited number of reports are available on the influence of chemicals in particular.
We performed mechanical tests on bovine femoral bone specimens preserved for 7 to 140 days at the longest in 10% formalin. These tests made clear, as a result, that the bending properties of bones improved and that their fracture toughness was reduced in comparison with control groups with increasing preservation periods. Furthermore, it was made clear that Ca and P, the inorganic components constituting bones, were eluted into the formalin preservative solution. 1) The reason for the reduction in the fracture toughness of the bones had been deduced to be the elution of Ca and P into the preservative as a result of dissolution of the bones due to the chemical reaction of formic acid in the formalin with the inorganic components in the bones.
In addition to the formalin, a neutral buffered formalin was employed in the present study that suppresses the influence of the formic acid contained in the formalin as well as any rapid changes in the hydrogen-ion exponent (abbreviated as pH hereafter) by a buffering action of hydrogen phosphate salts. The results of this study on the fracture toughness of bovine femoral compact bones preserved in these preservatives for a relatively long period are reported here.
Experimental Methods
A commercial aqueous formaldehyde solution 10-fold diluted with deionized water (The solution with this concentration for medical use is commonly called a 10% formalin solution and is simply called ''formalin'' hereafter) and a commercial 10% neutral buffered formalin solution with pH ¼ 7:4 were used as preservatives for the preservation of specimens. Additionally, methanol was added to less than 0.1 mass% as a polymerization-preventing and stabilizing agent to these preservatives containing formaldehyde, and, furthermore, hydrogen phosphate salts (Na 2 HPO 4 and KH 2 PO 4 ) were preadded to the neutral buffered formalin as pH-buffering agents in a neutral pH region. The formaldehyde contents of these preservatives were 3.8 mass% from quantitative analysis results obtained by an iodine titration method.
For the experiments on the static-tensile and -compression properties, compact bones in the midshafts of fresh femoral bones of beef cattle, which possess properties close to those of human compact bones, were used. The cross-section of the shaft was divided into 4 parts, i.e., anterior, posterior, lateral, and medial parts. The posterior part where the Haversian bone is dominant and the anterior part where the plexiform bone is prevalent were used in the tests. Two specimens were prepared from these two regions as close as possible in each divided part. One group of these specimens was designated as a control group and was put through the tests just after the specimen preparation, and the other group was designated as the preservation group.
A three-point bending fracture toughness test was performed in accordance with ASTM E399-90.
2) Specimens with a width, W, of 8 mm were prepared by machining with the longitudinal direction lying parallel with the bone axis. A slit with a length, a, of 4 mm, a width of 1.2 mm, and a tip angle of 30 was introduced perpendicular to the bone axis (i.e., in the circumferential direction) so that a=W ¼ 0:5 was obtained. The stable introduction of fatigue pre-cracks was difficult. The test was performed with an Instron-type testing machine (a loading capacity = 1 kN) at a crosshead speed of 20 mm/min and with a support span of 32 mm. The load was applied to the side opposite to the side where the slit was introduced until fracture took place.
It is difficult to say the fracture toughness values obtained in the present test satisfy the necessary conditions specified by ASTM E399. Therefore, they are expressed as K Q values in the following explanation.
For the study of the influence of the preservatives on the mechanical properties of the bones, the Haversian and the plexiform bones were separated into the formalin and the neutral buffered formalin preservative with a volume of 0.2 dm 3 each and were rinsed for 1 minute in their respective preservatives with an ultrasonic bath. These specimens, 10 pieces for each preservative, were subsequently immersed in the preservatives, which were then packed and kept at room temperature in a dark place. The specimens and the preservatives were submitted for tests and analyses performed later on. For the study of the influence of the preservation period, preservation groups stored for 0, 30, and 150 days were prepared.
It had been indicated that, in the preservation of the bones in the formalin, inorganic elements consisting of calcium phosphates represented by hydroxyapatite (HAp hereafter), a major component of bones, are eluted into the formalin preservative, and that the reason for the elution of these elements into the preservative is the dissolution of the inorganic components by formic acid present in the formalin. 1) Therefore, for the investigation of the influence of the formic acid in the formalin, the bone specimens were preserved in formalin as well as in the neutral buffered formalin preservative, and pH changes with time were measured. Additionally, the changes with time in the element elution amounts (concentrations), which are also possibly dependent on the difference in the preservatives, were analyzed with an inductively coupled plasma atomic emission spectrometer (ICP hereafter).
As for the specimens after fracture, they were naturally dried in air, and observations of their fracture surface tissues were made with a low-vacuum-type scanning electron microscope (SEM hereafter). Element mapping analyses were performed with an attached energy dispersive X-ray spectrometer (EDX hereafter).
Experimental Results and Discussion
The average K Q values of the control specimens preserved for zero days (i.e., just after specimen preparation) of the formalin preservation group were 7.2 and 5.8 MPaÁm 1=2 for the plexiform and Haversian bones, respectively. The average K Q values of the control specimens of the other preservation group for the other preservative showed approximately the same values, and, in fact, were statistically confirmed to not significantly differ from those described above. The slit tip radius employed in the present study is considered to be sufficiently bigger than those employed in previous reports. Consequently, the K Q values in this report are a little higher than those previously reported. 3, 4) Figure 1 shows changes in the K Q values with time. The horizontal axis shows the period of preservation, and the vertical axis shows changes in the average K Q values in terms of percent differences in the average K Q values between the preservation groups and the control groups divided by the average K Q values of the control groups. As for the average K Q values of the formalin preservation group after the 30-day preservation, that of the Haversian bone decreased by over 10%, and that of the plexiform bone decreased by approximately 20%. As for the reduction rates, the latter showed a larger value than that of the former.
As for the average K Q values of the neutral buffered formalin preservation group after the 30-day preservation, the Haversian and the plexiform bones both experienced a reduction of approximately 20%. It was found that, after the 150-day preservation, the average K Q value of the Haversian bone was approximately the same as that for the 30-day preservation, whereas the plexiform bone experienced a gradual reduction between 30 and 150 days.
Figures 2(a) through (e) are SEM photographs of the fracture surfaces of the representative specimens after the fracture toughness tests. Figures 2(a), (b) and (c) are for the control group, the 30-day formalin preservation group and the 30-day neutral buffered formalin preservation group, respectively, of the Haversian bone, and Fig. 2(d) and (e) are for the control group and the 150-day neutral buffered formalin preservation group, respectively, of the plexiform bone.
When the fracture surfaces of the Haversian bone are focused, concentric osteons are clearly observed in all of the specimens. While relatively short cracks, either nucleated or terminated at bone lacunae or lying along boundaries of Haversian lamellae, are observed, particularly in the control group shown in Fig. 2(a) , the fracture surface of the formalin preservation group shown in Fig. 2(b) and the neutral buffered formalin preservation group shown in Fig. 2 (c) are a little rougher than that of the control group, and shows a relatively long crack across the Haversian lamellae. Lamellar tissue is also clearly observed on the fracture surfaces of all the specimens of the plexiform bone. In particular, in the control group shown in Fig. 2(d) , crack propagation along the lamellae in the direction of the main crack can be ascertained. However, in comparison with the cracks observed in the control groups, relatively long cracks perpendicular to the propagation direction of the main crack, that is, ones across the lamellar tissues and their transitional tissues shown in Fig. 2(e) , are observed in the formalin and the neutral buffered formalin preservation groups.
From these results of the fracture surfaces with the SEM, the propagation of relatively long cracks perpendicular to the tissue orientation directions was observed in the formalin and the neutral buffered formalin preservation groups, and not in the control groups.
As a reason for this phenomenon, collagen fibers, which are an organic component of bones, are believed to be cured, hardened, and consequently embrittled due to a chemical bridging effect caused by formaldehyde in the formalin. As a result, the collagen fibers are believed to be unable to prevent the growth of cracks once they have propagated. However, since the inorganic components of bones are eluted into the preservatives, the possibility of generating fine voids in decalcified portions of the bones cannot be ruled out.
Therefore, a study was conducted on the chemical influence of formalin and the neutral buffered formalin preservative on bones.
Initially, pH measurements of the preservatives were made, and the results shown in Fig. 3 . The results were approximately the same for the Haversian and the plexiform bones.
From the pH measurement results, it is assumed that, in the formalin preservation, HAp, a main component of bones, dissolves due to the coexisting formic acid and is eluted into the preservative as Ca and phosphate ions. This results in the pH rising to a neutral region due to a neutralizing action of the Ca ions and is, furthermore, nearly saturated in a weakly basic region at a value of approximately 7.7 due to a buffering action by the phosphate ions. In the case of the neutral buffered formalin preservation, on the other hand, formic acid is neutralized by a buffering action of hydrogen phosphate salts (Na 2 HPO 4 and KH 2 PO 4 ) existing in the preservative from the beginning, and, therefore, the pH of the preservative changes to weakly basic. However, this pH rise, though small, is observed with increasing preservation period in the case of not only the formalin but also the neutral buffered formalin preservation, which indicates the continuous elution of Ca ions, though in trace amounts. Therefore, analyses of the preservatives were carried out with the ICP.
Quantitative analyses were carried out after qualitative analyses had been completed in accordance with the previously published report. 1) As described in the abovementioned report, hydrogen phosphate salts (Na 2 HPO 4 and KH 2 PO 4 ) were preadded to the neutral buffered formalin solution employed in the present study, in which the presence of high concentrations of Na, K, and P were confirmed by analyses carried out in advance. Precise quantitative analyses of Ca and P were carried out in the present study through the preparation of standard solutions from standard element reagents. For the elimination of background influence, the formalin and the neutral buffered formalin preservative were used as blank samples.
Figures 4 and 5 show changes with time in the concentrations of Ca and P eluted into the preservatives from the bones. Figure 4 is the result for the formalin preservation, showing significant elution of Ca and P from the start of the preservation period through the 30th day, with a gradual increase in the elution concentrations with increasing preservation time after that. No significant difference was observed in the elution concentrations between the plexiform and the Haversian bones, as was the case for the pH measurements. Figure 5 shows the results of the neutral buffered formalin preservation. The left and the right vertical axes show Ca and P concentrations, respectively. Although a significant elution of Ca is observed until the 30th day as in the formalin preservation, increases in the concentrations of the other ions are not observed with increasing preservation time beyond this point, but rather remain nearly constant. The P concentration of the blank sample is 66.2 mmolÁdm À3 due to the presence of hydrogen phosphate salts (Na 2 HPO 4 and KH 2 PO 4 ), which are buffering agents. This number is approximately 130 times the maximum concentration, 0.52 mmolÁdm À3 , observed in the 150-day formalin preservation. Furthermore, the P concentrations monotonically decrease with increasing preservation period, with reduction rates of 5% and 15% after 30-and 150-days of preservation, respectively. Again, no significant difference is observed in the elution concentrations between the plexiform and Haversian bones.
Judging from the flat changes in the Ca concentrations after the 30-day preservation and the significant decreases in the P concentrations from the start of the preservation period in the neutral buffered formalin preservative, the bone specimens were exposed to a very rich phosphate solution in comparison with the formalin preservative. Consequently, it is assumed that the Ca concentrations stay constant after the 30-day preservation as a result of (1) the regeneration of calcium phosphate in the form of HAp due to the chemical combination of phosphate ions with Ca ions eluted into the preservative, and (2) the consumption of Ca ions to form calcium phosphate.
For verification of this assumption, SEM observations were made on the fracture surfaces of the Haversian bone, which include many voids from blood vessels and bone lacunae.
Figure 6(a) shows an SEM photograph of the Haversian canal portion of the Haversian bone preserved for 30 days in the neutral buffered formalin. It is found that fine grains uniformly precipitate on the surface of a cylindrical tissue circled in the figure, and that the location where the grains precipitate is the surface of soft tissue, such as blood vessels. The precipitation of similar grains was also confirmed in the specimens preserved for 150 days. Furthermore, it was found that the grains are composed of Ca and P from the results of the qualitative element analyses with EDX. On the other hand, in the SEM photograph shown in Fig. 6(b) for the specimen preserved under the same conditions in the formalin, no grain precipitation is observed on the surface of the soft tissue.
From the above results, it was concluded that in the neutral buffered formalin preservation, phosphate ions abundant in the preservative recombine with Ca ions eluted into the preservative, resulting in precipitation as calcium phosphate crystals on the soft tissue. However, the reason for the precipitation of these crystals on the soft tissue and whether or not these crystals are HAp are both still unknown and will require study in the future.
Conclusions
The chemical treatment with formalin for antisepsis and sterilization of living tissues is frequently employed not only in the medical field but also in the evaluations of the mechanical properties of bones. However, the influence of the fixation method with such chemical agents on the properties and tissues of bones has hardly been studied.
Formalin and neutral buffered formalin were used as preservatives in the present study, and chemical and histological studies were performed on the influence of these preservatives on the fracture toughness of bovine femoral compact bones.
Since inorganic components are eluted from the bones during preservation in both the formalin and the neutral buffered formalin, the influence of formic acid coexisting in the formalin solutions is considered to be small. This might indicate that inorganic components are simply eluted when bones are preserved in any kind of aqueous solution. New evidence, however, was obtained that when the bones are preserved in the neutral buffered formalin for suppressing the influence of formic acid, calcium phosphate precipitates on the soft tissue portions.
As for the reduction in the fracture toughness of the bovine compact bones, it is concluded from the above results that this is caused by curing and hardening of collagen fibers due to the formation of chemical bridges between the collagen fibers, which is an organic component of bones, and formaldehyde. 
